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Two hundred thirty-nine base pairs upstream from acoX4ABC, which encodes the Alcaligenes eutrophus H16
structural genes essential for cleavage of acetoin, the 2,004-bp acoR gene was identified. acoR encodes a protein
of 668 amino acids with a molecular mass of 72.9 kDa. The amino acid sequence deduced from acoR exhibited
homologies to the primary structures of transcriptional activators such as NifA of Azotobacter vinelandii, NtrC
of Klebsiella pneumonie, and HoxA of A. eutrophus. Striking similarities to the central domain of these proteins
and the presence of a typical nucleotide-binding site (GETGSGK) as well as of a C-terminal helix-turn-helix
motif as a DNA-binding site were revealed. Between acoR and acoXABC, two different types of sequences with
dual rotational symmetry [CAC-(N,, to N,5)-GTG and TGT-(N,, to N,,)-ACA] were found; these sequences
are similar to NtrC and NifA upstream activator sequences, respectively. Determination of the N-terminal
amino acid sequence of an acoR’-'lacZ gene fusion identified the translational start of acoR. S1 nuclease
protection assay identified the transcriptional start site 109 bp upstream of acoR. The promoter region
(TTGCGC-N,4-TACATT) resembled the o’ consensus sequence of Escherichia coli. Analysis of an acoR’-'lacZ
fusion and primer extension studies revealed that acoR was expressed at a low level under all culture conditions,
whereas acoXABC was expressed only in acetoin-grown cells. The insertions of TnS5 in six transposon-induced
acetoin-negative mutants of A. eutrophus were mapped within acoR. On the basis of these studies, it is probable

that AcoR represents a regulatory protein which is required for o>*-dependent transcription of acoX4BC.

The aerobic bacterium Alcaligenes eutrophus cleaves ac-
etoin oxidatively into two C, compounds. Whereas one
compound is acetaldehyde, which is further oxidized to
acetate, the second compound has been identified as acetate
by in vitro experiments. However, it is assumed that acetyl
coenzyme A is produced in vivo as the second product of the
cleavage reaction, as in the anaerobic bacterium Pelobacter
carbinolicus (33). During cultivation on acetoin, 4. eutro-
Dphus induces the formation of an acetoin:2,6-dichlorophe-
nolindophenol oxidoreductase (Ao:DCPIP OR) (17, 49),
which is composed of two different subunits and whose
primary structures exhibit homologies to the o and B sub-
units of the E2 components of 2-oxo acid dehydrogenase
complexes (34). In addition to Ao:DCPIP OR, a fast-migrat-
ing protein (FMP), which is most probably a dihydrolipoa-
mide acetyltransferase (34), and acetaldehyde dehydroge-
nase II (AcDH-II), which exhibits a high affinity towards
acetaldehyde (23), are induced under these conditions (34,
49).

Together with acoX, which encodes a protein of yet
unknown function, the structural genes for both subunits of
Ao:DCPIP OR (acoA and acoB) and for FMP (acoC) are
organized as acoX4BC in one operon (34). The transcription
of the aco operon (17, 34) and of acoD, which is the
structural gene for AcDH-II (35), as well as of some other
genes of A. eutrophus (39, 56), depends on the presence of a
sigma factor encoded by an ntrA-like gene. acoXABC, acoD,
and hoxFUYH are preceded by regions which resemble the
o**-dependent promoter consensus sequence of enterobac-
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teria, and the transcriptional start sites have been identified
downstream from these regions (34, 35, 56).

The subject of this study was the region upstream of the
acoXABC operon which is characterized by insertional
inactivation by Tn5 in some transposon-induced acetoin-
negative mutants. We have identified and analyzed at a
molecular level the structural gene (acoR) for a protein
which is essential for the expression of proteins involved in
the conversion of acetoin to intermediates of the central
metabolism. This study indicates that a positive activator
protein is involved in the expression of these genes and that
the regulation may follow the common pattern of regulation
of genes which are preceded by o”*-dependent promoters
(25).

MATERIALS AND METHODS

Bacterial strains and plasmids. The strains of A. eutrophus
and Escherichia coli and the plasmids used in this study are
listed in Table 1.

Growth of bacteria. E. coli was grown at 37°C in Luria-
Bertani medium or in M9 medium (41) containing 0.2%
(wt/vol) glucose. A. eutrophus was grown at 30°C either in a
complex medium of nutrient broth (0.8%, wt/vol) or in a
mineral salts medium (43).

Isolation of RNA and DNA. Total RNA was isolated as
described by Oelmiiller et al. (32). Plasmid DNA was pre-
pared from crude lysates by the alkaline extraction proce-
dure (8, 41).

Analysis and manipulation of DNA. Isolated plasmid DNA
was digested with various restriction endonucleases under
the conditions described by Sambrook et al. (41) or by the
manufacturer. DNA restriction fragments were isolated from
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TABLE 1. Bacterial strains, plasmids, bacteriophage, and DNA fragments used in this study

Strain, plasmid, phage, or fragment

Relevant characteristics

Source or reference

Alcaligenes eutrophus H16

Escherichia coli

Wild type, autotrophic, prototrophic

DSM 428, ATCC 17699 (60)

DH1 recAl thi-1 19

S17-1 recA, harbors the tra genes of plasmid RP4 in the 47
chromosome, proA thi-1

XL-1 Blue recAl endA1 gyrA96 thi hsdR17 (rg~ mg*) supE44 reldl 10

N~ lac [F' proAB lacI"ZAM1S, Tnl0(Tet)]

Phage M13KO07 Km" Pharmacia-LKB
Plasmids
pUC9-1 Ap* lacPOZ’ 20
pMC1403 Ap’ lacZ' Tc' 11
pMP92 Tc* 50
pBluescript SK~ Ap' lacPOZ', T7 and T3 promoter Stratagene
pRZ1 pMC1403 derivative, acoR'-'lacZ This study
PRZ10 pMP9I2 derivative, acoR'-'lacZ This study
DNA fragments®
A Genomic EcoRlI restriction fragment of 4. eutrophus 17
harboring genes essential for acetoin catabolism
ATHI098  ATN1230  ATN1236 TnS5-harboring derivatives of fragment A from acetoin 17
AT:iﬁ, ATN‘"“‘Izl1247 catabolism mutants of A. eutrophus
AT , and AT
EE35 acoR harboring subfragment of A 34

2 Superscripts refer to acetoin catabolism mutants of A. eutrophus.

agarose gels by using a Geneclean kit (58) or by electroelu-
tion into a sodium acetate solution in an apparatus obtained
from Biometra (Gottingen, Germany). Restricted DNA was
ligated to vectors which had been dephosphorylated by
treatment with calf intestinal phosphatase prior to ligation.
Recessed 3’ ends of restricted DNA molecules were filled in
with the Klenow enzyme as described by the manufacturer,
Bethesda Research Laboratories (Gaithersburg, Md.) (6a).

Transfer of DNA. For transformation, E. coli was grown
aerobically in Luria-Bertani medium containing 20 mM
MgCl, at 37°C. Competent cells were prepared and trans-
formed by the calcium chloride procedure described by
Sambrook et al. (41). Mating of A. eutrophus (recipient) with
E. coli S17-1 (donor) harboring hybrid donor plasmids was
performed on solidified nutrient broth medium as described
by Friedrich et al. (16).

Synthesis of oligonucleotides. Oligonucleotides were synthe-
sized in 0.2-pmol portions from deoxynucleoside phosphoa-
midites (4) in a Gene Assembler Plus apparatus according to
the protocol described by the manufacturer (Pharmacia-LKB,
Uppsala, Sweden). The oligonucleotides were released from
the support matrix, and the protection groups were removed
by 15 h of incubation at 55°C in 25% (vol/vol) ammonium. The
oligonucleotides were finally purified by passage through a
NAP-10 column (Pharmacia-LKB).

DNA sequence analysis. DNA sequencing was carried out
by the dideoxy-chain termination method of Sanger et al.
(42) with single-stranded or double-stranded alkali-dena-
tured plasmid DNA, d7-deaza-GTP instead of dGTP (30),
and [a->>S]dATP by using a T7 polymerase sequencing kit
according to the manufacturer’s protocol (Pharmacia-LKB).
Single strands were prepared with the helper phage M13K07.
Synthetic oligonucleotides were used as primers, and the
“‘primer-hopping strategy’” (51) was employed. The prod-
ucts of the sequencing reactions were separated in 8%

(wt/vol) acrylamide gels in buffer (pH 8.3) containing 100
mM hydrochloride, 83 mM boric acid, 1 mM EDTA, and
42% (wt/vol) urea in an S2 sequencing apparatus (GIBCO/
BRL Bethesda Research Laboratories GmbH, Eggenstein,
Germany) and were visualized on X-ray films.

Analysis of sequence data. Nucleic acid sequence data and
deduced amino acid sequences were analyzed with the
Sequence Analysis Software Package (version 6.2, June
1990) by the method of Devereux et al. (13).

Determination of the transcriptional start site. To deter-
mine the transcriptional start site, primer extension as de-
scribed by Sambrook et al. (41) and nuclease protection
assays were used. The hybridization conditions for the S1
nuclease protection assays were as described in detail by
Berk and Sharp (6) and Sambrook et al. (41), and the S1
nuclease reactions were conducted by the method described
by Aldea et al. (1). DNA probes and dideoxynucleotide
sequencing reactions for sizing the signals were performed
with pBluescript SK™::EE35 DNA as a template. In the
annealing reaction, an oligonucleotide (5'-CTCGATGTGC
TCGCGTT-3') complementary to positions 464 to 480 was
used for 2P labeling. For all mapping experiments, 25 g of
RNA was mixed with the labeled DNA fragments; the
specific labeling rate was higher than 107 cpm/ug of DNA.

Preparation of crude extracts. Approximately 50 g (wet
weight) of cells was suspended in 100 ml of buffer A (50 mM
Tris hydrochloride [pH 7.4], 0.8% [vol/vol] Triton X-100, 10
mM magnesium chloride, 10 mM EDTA) supplemented with
200 pg of phenylmethylsulfonyl fluoride per ml. The cells
were sonicated in a TG 250 sonicator (Schoeller & Co.,
Frankfurt, Germany).

Isolation of lacZ fusion proteins. All steps were carried out
at 4°C. After phenylmethylsulfonyl fluoride was added to a
final concentration of 2 mM to the crude extract obtained
from A. eutrophus H16 harboring pRZ10, cellular debris was
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removed by 20 min of centrifugation at 13,000 X g in an
OTD50B centrifuge (Du Pont de Nemours GmbH, Bad
Homburg, Germany). The supernatant (160 ml) was applied
onto a DEAE-Sephacel column (5 by 10 cm; 195-ml bed
volume), and the column was washed with 2 bed volumes of
buffer A. The fusion protein was eluted with a linear NaCl
gradient (150 to 600 mM) in buffer A. Fractions containing
high levels of enzyme activity were combined, concentrated,
washed with TBST buffer (50 mM Tris-HCl [pH 7.3], 150
mM NacCl, 0.2% [vol/vol] Triton X-100) by ultrafiltration in a
Diaflo chamber with a YM5 membrane, and then applied to
a ProtoSorb lacZ immunoaffinity adsorbent column
(Promega Corporation, Madison, Wis.) which had been
equilibrated with TBST buffer. The column was washed with
300 ml of TBST buffer, and proteins were eluted with 100
mM NaHCO;-Na,CO; (pH 10.8). Collected fractions were
combined, concentrated and desalted by ultrafiltration using
a Diaflo chamber and Microsep OD000C40 (Filtron Technol-
ogy Corporation, Karlstein, Germany).

Determination of B-galactosidase activity. The activity of
B-galactosidase was determined by hydrolysis of o-nitrophe-
nol-B-p-galactopyranoside according to the method of Miller
(28). The protein concentration was estimated by the method
described by Lowry et al. (27) or the method described by
Schmidt et al. (45).

Electrophoretic methods. Sodium dodecyl sulfate (SDS)-
and mercaptoethanol-denatured proteins were separated in
8% (wt/vol) polyacrylamide gels in Tris-glycine buffer (25
mM Tris, 190 mM glycine, 0.1% [wt/vol] SDS) (26). Proteins
were stained with Coomassie brilliant blue (59) or by the
silver stain procedure (31, 52).

N-terminal sequence analysis. The sequence analysis was
performed with a 477A pulsed liquid-phase protein-peptide
sequencer (21) and a 120A on-line phenylthiohydantoin
amino acid analyzer (38) according to the instructions of the
manufacturer (Applied Biosystems, Weiterstadt, Germany).

Chemicals. Monoclonal anti-B-galactosidase mouse immu-
noglobulin G’s and a ProtoSorb lacZ immunoaffinity adsor-
bent column were obtained from Promega. Restriction en-
donucleases, a nick translation kit, a DNA detection Kkit,
RNA molecular weight markers, T4 DNA ligase, and DNA-
modifying enzymes were obtained from GIBCO/BRL Be-
thesda Research Laboratories. RNase-free DNase, agarose
NA, Sephadex G-50 (DNA grade), and phosphoamidites
were from Pharmacia-LKB. Formaldehyde was from Sigma
Chemical Co. (Gauting, Germany). Formamide, ethidium
bromide, and EDTA were from Serva Feinbiochemica
GmbH & Co. (Heidelberg, Germany). Complex media were
from Difco Laboratories (Detroit, Mich.). All other chemi-
cals were of the highest purity available from E. Merck AG
(Darmstadt, Germany).

Nucleotide sequence accession number. The nucleotide and
amino acid sequence data reported here have been submitted
to the EMBL, GenBank, and DDBJ nucleotide sequence
data bases under accession number M90471.

RESULTS

Determination of the gene locus and nucleotide sequence of
acoR. The insertions of Tn5 in mutants of 4. eutrophus
impaired in acetoin catabolism have been mapped on five
different EcoRI fragments (A, B, C, D, and E) which were
cloned recently (17). In six mutants, Tn5 was mapped on
fragment A and upstream of the acoXABC operon; these
mutants did not express the proteins encoded by acoX4ABC
or acoD (17, 34, 35). Therefore, a 3.5-kbp EcoRV-EcoRI
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subfragment of A, which is referred to as EE35 (Fig. 1) (34)
and which included the region of Tn5 insertion sites in the six
mutants mentioned above, was cloned to the Bluescript
vectors SK~ and KS~. By using universal primers and
synthetic oligonucleotides as primers, the nucleotide se-
quence of this fragment was determined from both strands
by the dideoxy-chain termination method and the primer-
hopping strategy (Fig. 2). An open reading frame (ORF)
designated ORF1, which started at the ATG at position 244
and extended to position 2454 (Fig. 2), was identified. A
second ORF, which started at position 2692 (Fig. 2), repre-
sented the 5’ region of acoX (34). Several other ORFs were
detected (Fig. 1). However, none of them obeyed the rules of
Bibb et al. (7) for a coding region or was preceded by a
reliable ribosome-binding site.

Identification of the translation start. Three ATG codons at
positions 244, 451, and 607 could represent the putative
translational start codon of the new locus which was referred
to as acoR. To determine the translational start site, a fusion
gene which consisted of the 5’ region of acoR and of the E.
coli lacZ' gene was constructed. The 0.8-kbp EcoRV-Sall
subfragment ES08, which was obtained from EE35 (Fig. 1),
was treated with Bal 31, and the deleted fragments were
ligated to the Smal site of promoter probe vector pMC1403.
Clones of E. coli XL-1 Blue, which formed blue colonies on
Luria-Bertani X-Gal (5-bromo-4-chloro-3-indolyl-B-D-galac-
topyranoside) agar plates, were isolated. From one hybrid
plasmid, which was referred to as pRZ1, a 6.6-kbp EcoRI-
Sall subfragment harboring the acoR’'-'lacZ fusion was
isolated and ligated to EcoRI- and Xhol-treated DNA of
broad-host-range vector pMP92 (48) (Fig. 3). The resulting
plasmid, pRZ10, was transferred to A. eutrophus H16 by
conjugation. It harbored the region extending from position
10 to 759 of the sequence shown in Fig. 2 and included all
potential ATG start codons.

The AcoR'-'LacZ fusion protein was purified from crude
extracts obtained from acetoin-grown cells of the transcon-
jugant which were harvested in the exponential growth
phase. Subsequent anion-exchange chromatography on
DEAE-Sephacel and affinity chromatography on p-ami-
nophenyl-B-D-thiogalactopyranoside ~ (APTG)-Sepharose
yielded insufficient amounts of the fusion protein, probably
because the binding of AcoR’-'LacZ to APTG-Sepharose
was weak. The preparation of the AcoR’-'LacZ fusion
protein was subsequently applied onto a ProtoSorb lacZ
immunoaffinity adsorbent column, and this step yielded a
protein with an M, of 127,000 which appeared almost homo-
geneous as revealed by electrophoresis in SDS-polyacryl-
amide gels (Fig. 4). From the SDS-polyacrylamide gel, the
proteins were transferred to a polyvinylidene difluoride
membrane; that region of the membrane which harbored the
AcoR'-'LacZ fusion protein was cut off and subjected to
N-terminal amino acid sequence analysis. The obtained
sequence (M D L R Q R E H I E) was consistent with
translation initiation from the ATG start codon at position
451. In addition, only this ATG was preceded by a reliable
Shine-Dalgarno sequence (Fig. 2) (see reference 50 for an
overview). Therefore, acoR encoded a polypeptide of 668
amino acids with a predicted molecular mass of 72.9 kDa
(Fig. 1).

Structure of the gene product. The G+C content of 71.3
mol% for acoR was slightly higher than the value of 66.3 to
66.9 mol% determined for total genomic DNA of 4. eutro-
phus (12). Because of this high G+C content, a strong biased
choice occurred for codons with either G or C in position 3
and position 1. The G+C contents amounted to 75.0, 47.9,
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FIG. 1. Molecular organization of the A. eutrophus acoR gene locus. (a) Physical map of the region analyzed in this study. (b) Subfragment
relevant for construction of the acoR’-'lacZ fusion. (c) Positions and orientations of ORFs comprising more than 150 nucleotides identified
in this study (numbers indicate all six possible frames). (d) Orientation of acoR and position relative to acoX. Locations of transposon
insertions determined by sequence analysis of genomic DNA fragments obtained from the mutants are indicated by triangles.

and 90.1 mol% for codon positions 1, 2, and 3, respectively,
and they were close to the theoretical values of 71.5, 48.0,
and 93.0 mol% which were calculated by the method of Bibb
et al. (7). The codon usage corresponded mostly to those
obtained for the gene products of adh (24), rbcL (2), and the
acoXABC operon (33) and many other genes of A. eutro-
phus. However, AcoR exhibited a much higher content of
Arg residues (9.5 mol%) and a lower content of Lys residues
(0.9 mol%) than the products of the genes mentioned above
or most other prokaryotic proteins (37, 57). A high Arg/Lys
ratio is a feature of transcriptional activators belonging to the
LysR family. The Arg residues in these DNA-binding pro-
teins may constitute positively charged binding sites inter-
acting with the phosphate moieties of DNA (37, 57).
Sequence alignments of the amino acid sequence deduced
from acoR exhibited homologies to the regulatory proteins
NtrC and NifA from various bacteria (Fig. 5 and 6). The
overall amino acid identities were 31.8% with NifA of
Azotobacter vinelandii (5), 35.5 and 32.7% with NtrC of
Rhizobium meliloti (53) and Klebsiella pneumoniae (3),
respectively, and 35.9% with GInG of E. coli (29). The highly
conserved central domains of these activator proteins, which
are responsible for the interaction of the protein with the
o°*-dependent RNA polymerases (54), exhibited an even
higher homology to the central region of AcoR, and the
fraction of identical amino acids varied between 37 and 48%.
The domain also included the conserved region, which
represents the putative ATP-binding site (Fig. 5). The C-ter-
minal region contains a high fraction of nonpolar residues
and a helix-turn-helix motif, which is characteristic of DNA-

binding proteins (Fig. 5). In contrast, the N-terminal region
of acoR exhibited no significant homologies to the corre-
sponding region of NtrC, NifA, or XyIR or to any other gene
product whose sequence is available from the EMBL data
bank.

In the region ranging from 144 to 115 nucleotides upstream
of acoR, we identified a sequence (TTGCGC-N,4-TACATT)
which exhibited strong homology to the E. coli ¢’ consen-
sus promoter (TTGACA-N,,-TATAAT) (40). Upstream of
acoR and in the intergenic region upstream of acoX at
positions 267 to 281 and 2470 to 2493, respectively, regions
of dual rotational symmetry were located (Fig. 2); both
resembled the NtrC-binding site as proposed by Gussin et al.
(18). Downstream of the latter motif, a repeating sequence
was identified at positions 2503 to 2542; this sequence was
identical with the consensus of upstream activator se-
quences from NifA (9).

Mapping of TnS insertions. The insertions of Tn5::mob in
the acetoin-negative mutants mentioned above had already
been mapped roughly on fragment A (17). In this stuc}y we
cloned the Sall restriction fragments ATN1230 ATN1236
ATN1244 - ATN1246 - ATN1247 - and ATH19%8 which harbored
genomic DNA of the respective mutant (17; Table 1) and of
the adjacent Tn5 DNA including the kanamycin resistance
gene, into pUC9-1 DNA. Nucleotide sequencing identified
the exact positions of Tn5 in the mutant fragments by primer
hybridization at a distance of 63 to 79 bp from the end of
IS50L as described in detail by Priefert et al. (34) for
acoXABC. In each of the mutant strains examined in this
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GATATCGAAGCGCTGTGGACCGAGAGCGAGGCCGACCATATCCGCCGCTCGCTGGCGTGCTCGGTAGTGGGCGATCCCGACGCCGTGCGTGCCGGCATGE
AGCGCTTTGTCGATGACCTGCGCCCGGATGAGCTGATGCTGACCGGGCAGATCCATGACCACCAGGCACGCCTGCGCTCGTTCGCCATCGCTGCCGATGE
cccecc-rmccrcmmcncmcmmmﬂmumccwammxmchmmmmcccccoccocccccccu
ch@mcammm@cmmmmmmmcmmcmmcmccn

. acoR
il M DLRGQURTETBHTITETUVVQATT
CCGCCCCATCCGAAACATGGGGCCGACGGCAGCGACGACAGGAGACAGCGATGGACCTGCGGCAACGCGAGCACATCGAGACGGTGGTCCAGGCCACCAC

Y L A PP AV LADR RTIAHKDA ATITIAG QNSUWRRTCVHAQYGULDP
ATACCTTGCCCCGCCGGCCGTGCTTGCGGACCGGATCGCGCACGACGCCATCATCCAGAACTCATGGCGCCGCTGCGTGCACCAGTACGGCCTGGATCCG

S RM QE AR I LPQPRILAREUBHKQE RTIDTDT FARTIARIBKEGILAO QS
TCGCGCATGCAGGAGGCGCGCATCCTGCCGCAGCCGCGCCTGCGCGAACACCAGGAACGCATCGACGACTTCGCGCGCATCGCGCGCCACGGCCTGCAGA

L YGQVAGLGYVVL1ILTDAQ QG T VD Y I G E A R S D A A
GCCTGT GGGCCTGGGC TGCTGACCGA' 'ATATCGGCGAGGCCCGCAGCGATGCCGC

L RHAGLYULGA AEMWSTESGAGTU CAVGTA AL ATGU QA ATLT
Ci

N 1244/M1247 w1230
V H QADUHT FDA AT HTIUPILT CTAAZPTLTFDTHGNTILUHATITLTDI
TTTCGACGCCACCCATATCCCACTGACCTGCACCGCCGCGCCGCTGTTCGACACGCACGGCAACCTGCACGCCA

A1098

S AL TSP QAKDSQGULALA OGMV VR RTITYAAIHTIU QNANTFTLR
TCTCCGCGCTGACCTCGCCGCAGGCCAAGGACAGCCAGGGGCTGGCGCTGCAGA! 'TCCAGAACGCCAACTTC

A HRRDWIULIKULNVAPETFVDVNZPETYTLILALTUDTEA ASGTRII
CGCGCACCGCCGCGACTGGATCCTGAAGCTGAACGTGGCGCCGGAGTTCGTCGACGTCAATCCCGAATACCTGCTGGCGCTGGACGAGGCGGGCCGCA!

V GHNUHRARILMMLIEGEL 6 G AP GATVILGQRT FETTLTFDA
GTCGGCCATAACCACCGCGCCAGGCTGATGCTGGAAGGCGAGCTGGGTGGCGCACCGGGCGCCACCGTGCTGGGCCAGCGGTTCGAGACGCTGTTCGACG

R L EDLGH YV Y S RP S EQRILVALTRS SGGIULULYULSVL
TGACCCGCAGTGGCGGCCTGCTGT:

CGCGC(C 'CTGGGCCACTATGTCTATTCGCGCCCGAGCGAC °GC

P AL RWOQAPU®PAETA QVAMZPUDA AL AALTGGDA AALGQTL
GCCGCCCGCGCTGCGCTGGCAGGCGCCGCCCGCCGAAACGCAGGTGGCGA
w1246

Q L QR AARLUVD S P INILILTIMHSGETS G S G KZETFIULAIKATLHIL
CAGTTGCAGCGCGCGGCGCGCCTGGTCGATTCGCCGATCAACCTGCTGATCCACGGCGAGACCGGCAGCGGCAAGGAGTTCCTGGCCAAGGCGCTGCATC

A S ARRGGUPVFVAUVNTZCAATIUZPETTULTIIES STETLTFGUHTLUZPNS
TTGCCAGCGCGCGCCGCGGCGGGCCGTTCGTAGCGGTGAACTGCGCGGCGA!

ni236
F S G AGPRGK RGILTIOQEADGSGTTULTFTULDTETIGTDMMZPTR RTEL
CTTCTCCGGCGCAGGCCCGCGCGGCAAGCGCGGCCTGATCCAGGAGGCCGACGGCGGCACGCTGTTCCTGGACGAGATCGGCGACATGCCGCGCGAGCTG

Q S RLLRUVILAEGETVTLZPVGAARTPV VUPVR RILRVYVTISATHH
CAGTCGCGGCTGCTGCGCGTGCTGGCCGAGGGCGAAGTGCTGCCTGTTGGCGCCGCGCGGCCGGTGCCGGTGCGGCTGCGGGTCATTTCCGCCACGCACC

S L E QL VADGRTFREUDTILTYTYRILNSGARTFTTULZPZPIULRART
ACAGCCTGGAGCAACTGGTGGCCGACGGGCGCTTCCGCGAGGACCTGTACTACCGCCTCAACGGCGCGCGCTTTACGCTGCCGCCGCTGCGTGCGCGTAC

DLDWTLUVRIEKTLTLOQETGS SAETGSETITTLSP A R E R L H
CGACCTGGACTGGCTGGTCCGCAAGCTGCTGCAGGAAGGGAGCGCAGAGGGCAGCGAGATCACGCTGTCGCCCGCGGCACGCGAGCGGCTGCACCGCCAC

WP GNTILR RETULRNVILETYA ARAVCADSGT YTIDVE®PDTLTPUDSL
CGCTGGCCTGGCAACCTGCGCGAACTGCGCAACGTGCTGGAGTACGCGCGCGCGGTCTGCGCCGACGGCTATATCGATGTGCCGGACCTGCCTGACAGCC

A G P A P S A L P QP G Q P A P F D P Q L P P E G
TGGCGGGACCCGCACCGTCCGCCGCCCTGCCGCAGCCAGGGCCCGCCCAGTCACCCGCTGCCGCACCGTTCGACCCGCACCAGTTGCCGCCGGAAGGCAT

L L M QY LRASGWNL A V AR QI GV S RMTIULYIRI RMER
GCTGCTGATGCAATACCTGCGCGCGTCCGGCTGGAACCTGAGCGCCGTGGCGCGGCAGATCGGCGTCAGCCGCATGACGCTGTACCGGCGCATGGAGCGC

G I Q S P N R R DG P E P D
TACGGCATCCAGTCGCCCAACCGGCGCGACGGCGGCCCGGAGCCCACCGACGCATAAGCCGGCAGGCAGCACGGCGCACGCGCGCCGTCTGTGCGATACG

»

P
GT!ESCCATCCCCTGTAQACCTGCGCTGTGACACCIéiCACAG;GCAGCGTTGTTTTTGCCCTGCCGTCTCGGGGTAATCCCTCGGATCCGACCGGCTGA

=24 -12 ] 1~ SN
TACCCCTGTTTCCGCTGTTTTCACTGCCTGCGCGCACTGGCACAGCCATTGCAAATACGCCTGGCAAGACAACGACAACAGGAGACAGGCAATGGGGCAC
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FIG. 2. Nucleotide sequence of the 4. eutrophus acoR gene locus. Amino acids deduced from the nucleotide sequence are specified by
standard one-letter abbreviations. The amino acid sequence determined for the N terminus of the AcoR’-'LacZ fusion is overlined. The 3’
region of the AcoR’ portion of the fusion is indicated by a bracket. A putative ribosome-binding site is indicated by a black bar and S/D. The
position of a tentative factor-independent transcriptional terminator downstream of acoR is indicated by inverted arrows. The positions of Tn5
insertions in acetoin-negative mutants are indicated by triangles with the designations of the mutants. Putative NifA- and NtrC-like upstream
activator sequences are underlined. A dot and arrow indicate the transcription start site and the direction of transcription, as determined by
S1 nuclease protection assay. The thick arrow labeled acoX indicates the 5' terminus of acoX.
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FIG. 3. Construction of plasmids for the identification of the
translation start site. Abbreviations: MCS, multiple-cloning site;
Ap’, ampicillin resistance determinant; Tc", tetracycline resistance
determinant; trfA*, a gene segment encoding the #rfA4 AkilD repli-
cation protein (44); oriV, RK2 700-bp oriV region; oriT, RK2 760-bp
oriT region (44); ori, ori of pMC1403 (11).

study, the insertion of Tn5::mob was localized within acoR
(Fig. 1 and 2).

Identification of the promoter and the putative transcrip-
tional termination site. To prove the significance of the
putative promoter structure (Fig. 2), S1 nuclease protection
and primer extention assays (data not shown) with total
RNA isolated from acetoin-grown cells of A. eutrophus
strain H16 harvested in the exponential growth phase were
performed. The transcriptional start site was identified 6
nucleotides downstream of the putative promoter consensus
sequence at position 342 (Fig. 2 and 7).

An inverted repeat was located 60 bp downstream from
the translational termination codon of acoR (Fig. 2). It may
represent a factor-independent transcriptional terminator,
and the free energy of this structure, calculated by the
method of Tinoco et al. (55), is approximately —86.7 kJ/mol.
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FIG. 4. Purification of the AcoR’-'LacZ fusion protein fro.a
acetoin-grown cells of A. eutrophus H16(pRZ10). Samples were
applied onto SDS-8% (wt/vol) polyacrylamide gels, separated, and
silver stained, as described in Materials and Methods. Lanes: 1, 20
wg of protein from crude extract of A. eutrophus H16; 2, 20 pg of
protein from crude extract of 4. eutrophus H16(pRZ10); 3, 5 pg of
protein obtained from chromatography of A. eutrophus H16(pRZ10)
crude extract on DEAE-Sephacel; 4, 1.5 pg of A. eutrophus
H16(pRZ10) protein obtained from immunoaffinity chromatography
on ProtoSorb lacZ; 5, crude extract of E. coli XL-1 Blue(pBluescript
SK™) expressing B-galactosidase (116 kDa) enriched by APTG
chromatography; Stds 1 and Stds 2, standard proteins (molecular
masses indicated on the right in kilodaltons).

Determination of the promoter strength and regulation of
acoR expression. The hybrid plasmid pRZ10, which con-
tained the promoter region and the 5’ region of acoR fused to
the promoterless lacZ’' gene, was used to study the expres-
sion of acoR. With A. eutrophus H16 harboring pRZ10,
B-galactosidase activity was detected at almost the same
level at the exponential growth phase irrespective of the
carbon source provided to the cells for growth. Entering the
stationary growth phase, the B-galactosidase activity de-
creased to approximately 30% of the value obtained for the
exponential phase (Table 2). The B-galactosidase activity
conferred by the acoR’'-'lacZ fusion was much lower (9.8 to
37.4 U/mg of protein [Table 2]) than that conferred by the
PhbC'-'lacZ fusion (534 U/mg of protein [46]) or by the
phbH'-'lacZ fusion (482 U/mg of protein [36]) of A. eutro-
phus HI16. It is not known whether these fusion proteins
were different with respect to their stability or whether the
translation efficiencies were different. However, these re-
sults correlated with the results obtained with the S1 protec-
tion assays shown in Fig. 7. The transcriptional start site of
acoR was detectable with total RNA preparations from
acetoin- or gluconate-grown cells of A. eutrophus H16 (Fig.
7, lanes 1 and 2) or from gluconate-grown cells of the mutant
strain H1098 (Fig. 7, lane 3) which harbored Tn5 in acoR.
The stronger signals in lanes 4 and 5 probably result from an
increased number of transcripts due to the presence of
PRZ10. In contrast to the acoR promoter, the ase-dependent
promoter of acoXABC was active only in acetoin-grown
cells, as revealed by primer extension (data not shown) and
by an S1 nuclease protection assay in an earlier study (35).
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FIG. 5. Homology of the putative acoR gene product to other regulatory proteins. Amino acids of domains C and D of NifA (A. vinelandii)
(5), NtrC (R. meliloti) (53), GInG (E. coli) (29), XyIR (P. putida) (22), HoxA (A. eutrophus) (15), and AcoR (4. eutrophus) are aligned.
Matching amino acids are shaded and boxed. Dashed lines indicate gaps which were introduced to optimize the alignment. A putative
ATP-binding site and a helix-turn-helix motif are indicated. Asterisks mark conserved amino acids in the helix-turn-helix motif. Numbers
indicate the positions of the amino acids in the respective proteins. The degree of homology (percent identical amino acids) of each protein

to the putative acoR gene product is indicated.

DISCUSSION

In the present study, we identified and sequenced acoR, a
gene locus required for the expression of genes essential for
acetoin catabolism in A. eutrophus, such as acoXABC. The
data obtained from amino acid sequence comparison re-
vealed strong evidence for a regulatory nature of AcoR and
indicated that AcoR belongs to the NifA family of transcrip-
tional activators. Homologies occurred with the central
region of approximately 240 amino acids, including a puta-

A B (o] D
’ N[ N\ [ )

NtrC S )
NifA € }
ENe——
(N

XylR N f 'O

/4 Y

AcoR C > Y,
100 aa

FIG. 6. Domain relationships in some characterized activating
proteins of —24/—12 promoters (NtrC, NifA, XyIR, and AcoR). The
proteins are shown from the N termini (left) to the C termini (right)
in a relative length corresponding to the number of amino acids (aa).
Homologous sequences are boxed and denoted B, C, and D accord-
ing to the notation of Thony and Hennecke (54). Domains A, E, F,
and N in the proteins are assumed to determine specific functions.
For NifA, only type I (as it exists in K. pneumoniae and A.
vinelandii) is shown.
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FIG. 7. S1 nuclease protection assays of the transcripts of acoR
and acoR'-'lacZ. Lanes A, C, G, and T, standard sequencing
reactions to size the mapping signals. RNA was isolated from
acetoin-grown cells of A. eutrophus H16 (lane 1), gluconate-grown
cells of A. eutrophus H16 (lane 2), gluconate-grown cells of A.
eutrophus mutant H1098 (lane 3), acetoin-grown cells of 4. eutro-
phus H16(pRZ10) (lane 4), and gluconate-grown cells of 4. eutro-
phus H16(pRZ10) (lane 5).
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TABLE 2. B-Galactosidase activities of the AcoR’-'LacZ fusion
protein in A. eutrophus H16 during growth on various
carbon sources

Sp act (U/mg)® in indicated

Plasmilg I<El¢.'>1|;tamed Substrate? growth phase
Exponential Stationary
None Acetoin 0.0 0.0
pRZ10° Acetoin 37.4 12.3
Gluconate 32.9 9.8
Fructose 29.8 12.9
Succinate 36.8 15.4

“ The substrates were added from filter-sterilized stock solutions at the
following final concentrations: 0.3% (wt/vol) acetoin and 0.5% (wt/vol)
gluconate, fructose, and succinate.

® Mean value of three cultures.

€ The medium of A. eutrophus harboring pRZ10 was supplemented with
tetracycline. The structure of pRZ10 is shown in Fig. 3.

tive ATP-binding site, and with the C-terminal DNA-binding
domain (54). When the putative helix-turn-helix motif was
scored for similarities to helix-turn-helix motifs of known
DNA-binding domains by the method of Dodd and Egan
(14), a score of 5.95 was obtained for the 22 amino acids at
positions 627 to 648, thus confirming evidence for the
presence of such a motif in AcoR (Fig. 6). The central and
carboxy-terminal regions of these regulatory proteins are
conserved, whereas the N-terminal regions, which provide
specific regulatory functions, are often variable. Only those
activators which are modified by sensor proteins interacting
with the N termini of the regulators, such as NtrC and
probably NifA (type I) (54), exhibit homologies of the
N-terminal domains, e.g., domains A and F for NtrC and
NifA (type I), respectively (Fig. 6). For example, the acti-
vator HoxA of A. eutrophus, which is involved in the control
of hydrogenase expression, belongs to the subclass which
includes NtrC, HydG, DctD, and PstA (15). Since domain N
of AcoR exhibits no homologies to domain A or F (Fig. 6) or
to any other activator protein, the molecular data for acoR
provide no evidence for the occurrence of a separate sensor
protein in A. eutrophus. It is interesting that only the
63.7-kDa XyIR protein of Pseudomonas putida, which prob-
ably includes the sensor function in domain E (22, 54), and
AcoR share extended N-terminal regions which exhibit no
significant homology.

The results obtained from the S1 protection assay and
from the assay of B-galactosidase activity in clones harbor-
ing the AcoR’-'LacZ fusion protein clearly demonstrated
expression of AcoR under all growth conditions listed and
did not provide any evidence for transcriptional regulation of
acoR itself. Since acoXABC is expressed only during growth
on acetoin, constitutive expression of AcoR requires modi-
fication of the transcriptional activator. The appropriate
signal molecule is probably acetoin, which in 4. eutrophus is
cleaved into acetaldehyde and a second C, component,
because growth on other precursors of acetaldehyde such as
ethanol did not result in expression of acoXABC (49).
However, the nature of signal transduction towards AcoR in
A. eutrophus remains unclear.

Approximately 100 to 200 bp upstream of many —24/—12
promoters, conserved enhancer sequences which bind acti-
vator proteins for maximum expression have been identified
(54). The TGT-N,,-ACA motif, which was identified 95 to
110 bp upstream of the promoter of acoXABC, is identical to
the consensus of 19 nif promoters of various species (18). In

J. BACTERIOL.

addition, a CAC-N,,-GTG motif 144 to 160 bp upstream of
the acoXABC promoter, which resembled the NtrC up-
stream activator sequence, was detected (9). Both regions
may represent upstream activator sequences which bind to
the DNA binding domain of AcoR or a modified, activated
derivative of AcoR. The significance of an additional poten-
tial activator target site upstream of the acoR promoter, e.g.,
for autoregulation of acoR expression, remains to be eluci-
dated.

Future studies will focus on the isolation and characteri-
zation of native AcoR protein in order to examine the
interactions of AcoR with the putative binding sites up-
stream of acoXABC and acoR and to understand the mech-
anism of transcriptional activation. The identification of the
signal molecule and understanding of the regulatory cascade
will contribute to the understanding of positively controlled
gene expression in A. eutrophus. These studies will also
reveal whether the expression of other genes which are
essential for acetoin catabolism in A. eutrophus also depends
on the presence of AcoR or whether additional regulator
proteins are necessary for transcriptional activation of these
genes, as they are for the expression of acoD (35).
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